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Modulation of GABAergic
Signaling among Interneurons
by Metabotropic Glutamate Receptors
al., 1997; Kullmann and Asztely, 1998), the extracellular
concentration of this amino acid could potentially act
as an indicator of the net degree of excitatory transmis-
sion. If GABAergic synapses between interneurons de-
tected the glutamate concentration, and if they re-
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London WC1N 3BG sponded by decreasing their release probability, then
interneurons could be released from inhibition. The re-United Kingdom
sult would be to enhance GABAergic signaling to princi-
pal neurons. Against this theoretical background, does
a population of high-affinity glutamate receptors existSummary
at GABAergic synapses between interneurons, but not
at synapses between interneurons and pyramidal cells?Synapses between hippocampal interneurons are an
important potential target for modulatory influences Some group III metabotropic receptors could fit the
description outlined above. This family consists ofthat could affect overall network behavior. We report
that the selective group III metabotropic receptor ago- mGluR4, 6, 7, and 8 (Pin and Duvoisin, 1995). Immunocy-
tochemical studies have revealed mGluR7 receptors tonist L(1)-2-amino-4-phosphonobutyric acid (L-AP4)
depresses GABAergic transmission to interneurons be preferentially located at presynaptic glutamatergic
terminals on hippocampal interneurons, as opposed tomore than to pyramidal neurons. The L-AP4-induced
depression is accompanied by changes in trial-to-trial terminals in synaptic contact with principal neurons (Shi-
gemoto et al., 1996, 1997; Takumi et al., 1998). mGluR4variability and paired-pulse depression that imply a
presynaptic site of action. Brief trains of stimuli in receptors are more widely distributed and are concen-
trated at several types of synapses in the hippocampusSchaffer collaterals also depress GABAergic trans-
mission to interneurons. This depression persists (Bradley et al., 1996). Although most attention has been
directed at glutamatergic terminals, inhibitory terminalswhen GABAB receptors are blocked, is enhanced by
blocking glutamate uptake, and is abolished by the are also reportedly stained by antibodies that recognize
mGluR4 and mGluR7 (Bradley et al., 1996; Shigemoto etgroup III metabotropic receptor antagonist a-meth-
ylserine-O-phosphate (MSOP). The results imply that al., 1996, 1997; Kinoshita et al., 1998). This observation
suggests that they could play a role in detecting gluta-GABAergic transmission among interneurons is mod-
ulated by glutamate spillover from excitatory afferent mate release from nearby excitatory terminals.
Inhibitory postsynaptic currents (IPSCs) recorded interminals.
pyramidal neurons appear not to be affected by the
selective group III metabotropic receptor agonist L-AP4Introduction
(Scanziani et al., 1998), but IPSCs in interneurons have
not been examined systematically. We therefore ad-Hippocampal interneurons are richly interconnected
dressed whether GABAergic IPSCs could be modulatedand fire spontaneously even when ionotropic glutamate
by L-AP4. We report that IPSCs in hippocampal inter-receptors are blocked (Cobb et al., 1995; Whittington et
neurons are as sensitive to L-AP4 as are glutamatergical., 1995). However, their behavior under these condi-
excitatory postsynaptic currents (EPSCs). Moreover, wetions is highly sensitive to modulation of GABAergic sig-
show that trains of action potentials in excitatory affer-naling. They therefore form a tonically active GABAergic
ents can also depress IPSCs, and that this effect isnetwork that shows a degree of autonomy from the
enhanced by preventing glutamate uptake but blockedexcitatory projections between principal cells. Because
by a group III receptor antagonist. The results stronglythe activity of this network determines the excitability
suggest that group III metabotropic receptors detectof the entire circuitry, it is important to understand the
glutamate spillover from excitatory synapses. Activationmechanisms that modulate GABAergic transmission
of these receptors by synaptically released glutamateamong interneurons. A simple homeostatic view of ex-
could disinhibit interneurons and therefore dampen hip-citability is that, in order to prevent the initiation and/or
pocampal excitability.spread of epileptic seizures, inhibition of principal cells
should increase when the overall level of excitatory sig-
naling is excessive. This principle is obeyed by the
Resultssynaptic organization of feedforward and feedback in-
hibition: interneurons are recruited via glutamatergic
We recorded from stratum radiatum interneurons in CA1synapses, and they, in turn, inhibit pyramidal neurons
with whole-cell patch pipettes. Approximately 25% were(Buzsaki, 1984). However, it may be advantageous for
bipolar, and the rest tri- or multipolar, as determined bythe excitatory traffic within a volume of tissue also to
infrared differential interference contrast microscopy.be integrated by a diffuse signal. Because glutamate
Because we found no difference among these differentcan escape from hippocampal synapses (Scanziani et
types, with respect to the effect of L-AP4 or conditioning
stimulation of Schaffer collaterals, the results have been* To whom correspondence should be addressed (e-mail: d.kullmann@
ion.ucl.ac.uk). grouped together throughout this paper.
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Figure 1. The Group III Metabotropic Recep-
tor Agonist L-AP4 Depresses Monosynaptic
IPSCs and EPSCs in Interneurons to the
Same Extent
(A) IPSC amplitude (mean 6 SEM) normalized
to the average amplitude prior to addition of
L-AP4 (n 5 5). Sample traces (above) were
obtained before, during, and after L-AP4 ap-
plication in one neuron (averages of 30 trials).
(B) EPSC amplitudes plotted in the same way
in a separate series of experiments (n 5 5).
(C) The depression of IPSCs is accompanied
by a decrease in the statistic 1/CV2, implying
a decrease in quantal content. The statistic
1/CV2 was normalized to the baseline value
in each cell before averaging across experi-
ments and plotted against the IPSC ampli-
tude, similarly normalized. The diagonal line
shows the trajectory expected from a Poisson
model, with a decrease in the release param-
eter m.
(D) The L-AP4-induced depression is accom-
panied by a reversible decrease in paired-
pulse depression, further implying a presyn-
aptic site of action. The insets show averaged
traces obtained before, during, and after L-AP4
application in one experiment. Thick lines
show control and washout superimposed;
thin lines show L-AP4. The traces at right
were normalized to set the peak amplitude of
the first IPSC constant, showing the attenua-
tion of paired-pulse depression (*p , 0.05).
L-AP4 Depresses Both IPSCs and EPSCs (Figure 1D). Thus, interneuron terminals are equipped
with metabotropic glutamate receptors, activation ofin Interneurons
Monosynaptic IPSCs were evoked at room temperature which profoundly modulates GABA release.
In contrast to the profound depression of IPSCs andby extracellular stimulation in stratum radiatum in the
presence of high concentrations of the NMDA receptor EPSCs recorded in interneurons, monosynaptic IPSCs
recorded in pyramidal neurons were only reduced toblocker DL-2-amino-5-phosphonovalerate (APV, 50 mM)
and the AMPA and kainate receptor blocker 2,3-dioxo- 83% 6 6% of baseline (Figure 2A; p 5 0.01, n 5 7). This
reduction was significantly smaller than that observed6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulphon-
amide (NBQX, 10 mM). Perfusion of L-AP4 (50 mM) pro- in interneurons (p , 0.04, unpaired t test). Finally, we
observed no effect of L-AP4 on AMPA receptor±duced a reversible depression of the IPSCs to 47% 6
12% (mean 6 SEM) of baseline amplitude (Figure 1A; mediated field EPSPs recorded in the presence of picro-
toxin and APV (Figure 2B). Thus, in agreement with previ-p 5 0.01, paired t test, n 5 5). Unexpectedly, this depres-
sion was almost identical in size to the depression of ous reports (Scanziani et al., 1998; Shigemoto et al.,
1996), we found no evidence for group III metabotropicAMPA/kainate receptor±mediated EPSCs recorded in a
separate series of experiments, where NBQX was omit- receptors on Schaffer collateral terminals on pyramidal
cells.ted from the perfusion solution, but where picrotoxin
(100 mM) was used to block GABAA receptors (Figure
1B). Perfusion of L-AP4 depressed EPSCs to 53% 6 Synaptically Released Glutamate Decreases IPSCs
The differential L-AP4 sensitivity of GABAergic signaling11% of baseline (p 5 0.01, n 5 5).
The decrease in mean IPSC amplitude was accompa- to interneurons and to pyramidal neurons suggests that
an increase in the extracellular concentration of gluta-nied by a decrease in the statistic 1/CV2 (equivalent
to mean2/variance), which varies with quantal content mate, the endogenous agonist, could selectively de-
press inhibition of interneurons. This is likely to occur(Edwards et al., 1989) and has proved to be a robust
measure of transmitter release at hippocampal syn- under conditions of metabolic stress, when glutamate
uptake is prevented or reversed, but can disinhibition ofapses (Manabe et al., 1993). The change in 1/CV2 was
roughly proportional to the change in mean amplitude interneurons be detected following physiological stimuli
that release glutamate? We therefore asked whether(Figure 1C), implying that the effect of L-AP4 could be
accounted for by a presynaptic decrease in transmitter synaptically released glutamate could depress IPSCs in
interneurons via an action at L-AP4 receptors.release probability. We further tested a presynaptic lo-
cus of action by examining the effect of L-AP4 on the Figure 3A shows a train of IPSCs elicited by five pre-
synaptic stimuli delivered at 5 Hz. The IPSCs typicallypaired-pulse depression observed when two stimuli are
delivered with an interpulse interval of 50 ms. In agree- showed a depression of the response to the second and
subsequent stimuli, in comparison to the response toment with a presynaptic site of action, the first IPSC
was more profoundly depressed than the second IPSC the first. Because the train of stimuli recruits not only
mGluRs Modulate Interneuron GABAergic Signaling
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Figure 3. Trains of IPSCs Show Frequency-Dependent Depression
that Is Sensitive to Blockade of Group III Metabotropic Glutamate
Receptors
(A) Average IPSC waveform obtained in an interneuron in response
to five extracellular stimuli at 5 Hz (thick trace). In the presence of
MSOP (100 mM), the first IPSC was unchanged in amplitude, but
subsequent IPSCs became larger (thin trace), implying that part of
the frequency-dependent depression was mediated by activation
Figure 2. L-AP4 Causes Little or No Depression of Monosynaptic of metabotropic glutamate receptors.
Signals in Pyramidal Neurons (B) Average results obtained in seven cells. The thin horizontal lines
show the average ratios of the fifth to the first IPSC before and(A) IPSCs recorded in CA1 pyramidal neurons, normalized to the
during MSOP application. The results were obtained in the contin-baseline amplitude (n 5 7). Addition of L-AP4 (50 mM) produces a
ued presence of APV (50 mM) and NBQX (10 mM).significant although small depression. Sample traces were obtained
before, during, and after application of L-AP4 in one neuron.
(B) Initial slope of field EPSPs recorded in stratum radiatum of CA1
(n 5 7). L-AP4 (50 mM) had no effect. Shown are sample traces from
mediated depression of IPSCs in pyramidal neurons byone experiment.
synaptically released glutamate (Min et al., 1999). One
(ªproximalº) stimulating electrode was positioned close
to the interneuron, to evoke a monosynaptic test IPSC.monosynaptic GABAergic interneurons but also gluta-
Another (ªdistalº) electrode was positioned as far awaymatergic afferents, part of the depression may be due
as possible, while remaining in stratum radiatum of CA1,to the activation of presynaptic group III metabotropic
and this electrode was used to deliver a train of condi-receptors on interneuron terminals by synaptically re-
tioning stimuli to Schaffer collaterals. Because iono-leased glutamate. The activity-dependent depression of
tropic glutamate receptors were blocked, recruitmentIPSCs should then be reduced by blocking group III
of interneurons by the distal electrode was minimized.metabotropic receptors (von Gersdorff et al., 1997). We
Figure 4A shows the effect of a conditioning train oftested the effect of adding the antagonist MSOP (100
stimuli (50 Hz) on the amplitude of the test IPSC. WemM) to the perfusion solution. This had no significant
observed a small but significant depression: the condi-effect on the amplitude of the first IPSC. However, the
tioned IPSC amplitude, expressed as a percentage ofratio of the amplitude of the fifth IPSC to the amplitude
the unconditioned IPSC, was 86% 6 1% (p , 0.01,of the first (IPSC5/IPSC1) increased significantly, from
n 5 10). We then investigated the pharmacology of the0.60 6 0.01 to 0.78 6 0.08 (p , 0.05, n 5 7; Figure 3B).
depression. We first applied the GABAB receptor antago-Similar changes were seen in the second, third, and
nist CGP35348 (500 mM), because GABA can mediatefourth IPSCs, expressed as ratios of the first IPSC (data
nonlocal interactions both in the hippocampus and in thenot shown).
cerebellum (Isaacson et al., 1993; Dittman and Regehr,
1997). CGP35348 significantly reduced the depressionGlutamate Mediates Heterosynaptic Depression
(Figure 4B): the conditioned/test IPSC amplitude wasof IPSCs
91% 6 2% (comparison with pre-CGP35348 depression:The effect of MSOP on activity-dependent depression
p , 0.05, paired t test). GABAB receptors thus appearis compatible with the hypothesis that group III me-
to play a role in mediating heterosynaptic depressiontabotropic receptors detect glutamate spillover from
of IPSCs. In the continued presence of CGP35348, weexcitatory afferent terminals. We further tested this hy-
then applied MSOP (100 mM). This uniformly and revers-pothesis by looking for heterosynaptic depression of
ibly abolished the residual depression (ratio: 99% 6 1%,monosynaptic IPSCs. We adapted an experimental de-
sign recently used to demonstrate kainate receptor± p 5 0.007, comparison with pre-MSOP ratio), implying
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Figure 4. Heterosynaptic Depression of IPSCs
Is Mediated by GABAB and Group III Metabo-
tropic Glutamate Receptors
(A) The position of stimulating and recording
electrodes is shown at left. The test IPSC elic-
ited by the proximal stimulus was recorded
on alternate trials either on its own or follow-
ing a train of stimuli (50 Hz) delivered to the
distal electrode (right). The averaged traces
were obtained from one experiment, showing
that the test IPSC (thick) was smaller than the
control IPSC (thin). The conditioning stimulus
delivered via the distal electrode did not pro-
duce a detectable synaptic current.
(B) Test IPSC amplitude, elicited after a con-
ditioning train in the distal pathway, normal-
ized by the unconditioned IPSC amplitude.
Addition of CGP35348 (500 mM, CGP) to block
GABAB receptors reduced the depression of
the IPSC. Subsequent blockade of group III
metabotropic receptors then reversibly abol-
ished the residual depression. Averaged re-
sults were obtained from ten neurons.
that a large part of the depression is mediated by gluta- test IPSC: 99% 6 6%, n 5 8; Figure 5B). Because raising
the temperature enhances glutamate uptake and re-mate-activating group III metabotropic receptors.
In four other neurons, we varied the interval between duces intersynaptic glutamate spillover (Asztely et al.,
1997), we applied dihydrokainate (200 mM) to see if thethe end of the conditioning train and the test stimulus.
Although the heterosynaptic depression was again seen depression could be restored. In the same neurons the
conditioning trains of stimuli now produced a depres-with an interval of 100 ms, it was attenuated when the
interval was increased to 200 or 500 ms (results not sion of IPSCs, which was of comparable amplitude to
that seen at room temperature (85% 6 7%; p , 0.04).shown).
Although this observation is compatible with the hypoth-
esis that active glutamate transport limits intersynapticGlutamate Uptake Modulates
Heterosynaptic Depression spillover, it puts into question whether heterosynaptic
depression of IPSCs occurs in vivo. In a separate seriesIf the heterosynaptic depression is mediated by gluta-
mate spillover, it may be limited by glutamate uptake of experiments carried out at 328C in the continued pres-
ence of SCH50911 (20 mM), we repeated the two-path-(Asztely et al., 1997). We therefore determined whether
inhibiting glutamate transport with dihydrokainate (200 way experiment with a higher frequency of conditioning
stimuli (100 Hz instead of 50 Hz) and with a shorter delaymM) could enhance the heterosynaptic depression. We
chose dihydrokainate because, unlike many other block- from the end of the train to the test stimulus (50 ms
instead of 100 ms). Under these conditions, the hetero-ers, it is not transported and does not promote hetero-
exchange of glutamate (Arriza et al., 1994), which could synaptic depression could again be elicited (condi-
tioned/test IPSC: 92% 6 2%, p , 0.02, n 5 4; Figurelead to a rapid increase in extracellular glutamate. The
experiment was carried out in the continued presence 5C), and it was completely abolished by MSOP (ratio:
101% 6 1%, p , 0.007 relative to the ratio prior toof CGP35348 to remove the contribution of GABAB re-
ceptor±mediated heterosynaptic depression. Figure 5A addition of MSOP). The higher frequency of the condi-
tioning train, and/or the shorter delay before the testshows that inhibiting glutamate uptake enhanced the
heterosynaptic depression. The conditioned/test IPSC stimulus, may allow heterosynaptic depression at the
higher recording temperature because a higher concen-changed from 91% 6 1% to 85% 6 1% (p , 0.002, n 5
10). Subsequent addition of MSOP again abolished the tration of glutamate reaches the presynaptic group III
metabotropic receptors.depression (ratio: 101% 6 4%, p , 0.002 relative to the
ratio prior to addition of MSOP). This result again argues
strongly for a role of glutamate spillover from excitatory
terminals in modulating GABAergic signaling between Group III Metabotropic Receptors Modulate
Spontaneous IPSC Frequencyinterneurons.
Because the above results were obtained at room While examining the effect of L-AP4 on evoked IPSC
amplitude (Figure 1A), we also observed a reduction intemperature, we repeated the two-pathway experiment
at a higher temperature to determine whether the hetero- the frequency of spontaneous IPSCs (the frequency in
the presence of 50 mM L-AP4 was 74% 6 9% of control,synaptic depression of inhibition persists under more
physiological conditions. At a recording temperature of p , 0.03, washout: 85% 6 7%). This observation further
supports a role for group III metabotropic receptors in328C (range 318C±338C), and in the continued presence
of the GABAB receptor blocker CGP35348 (500 mM) or the modulation of interneuron excitability. Nevertheless,
because excitatory ionotropic receptors were blocked, itSCH50911 (20 mM), heterosynaptic depression was not
seen with an identical stimulus protocol (conditioned/ is difficult to extrapolate from these findings to conclude
mGluRs Modulate Interneuron GABAergic Signaling
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(Figure 1). NBQX (10 mM) almost abolished the evoked
synaptic current at 260 mV but had no significant effect
on the synaptic current at 0 mV. The latter was, how-
ever, abolished by picrotoxin (100 mM), showing that
GABAergic and glutamatergic synaptic currents were
separated with negligible cross-contamination.
In the same neurons, we examined the frequency and
amplitude of spontaneous synaptic currents at different
recording potentials. Under baseline conditions, the fre-
quency of glutamatergic events was only 35% 6 7% of
the frequency of GABAergic events (Figure 6B). Cell-
attached recordings have shown that interneurons, but
not pyramidal neurons, fire spontaneously in this prepa-
ration, suggesting that the higher frequency of sponta-
neous IPSCs results from greater action potential inva-
sion of interneuron terminals. L-AP4 (50 mM) reduced
the frequency of spontaneous GABAergic IPSCs but had
a nonsignificant effect on glutamatergic EPSCs (Figure
6B). Moreover, L-AP4 significantly reduced the mean
amplitude of GABAergic events to 87% 6 3% of baseline
(p , 0.01, washout: 91% 6 5%), although it had only
a small and nonsignificant effect on the amplitude of
glutamatergic events (94% 6 7%, p 5 0.5, washout:
104% 6 9%). These results imply that activation of pre-
synaptic group III metabotropic receptors reduces the
large spontaneous GABAergic drive to interneurons. An
alternative representation of the effect of L-AP4 is shownFigure 5. Heterosynaptic Depression Mediated by Group III Meta-
botropic Receptors Is Potentiated by Blocking Glutamate Uptake in Figure 6C, where the frequency of IPSCs, normalized
by the frequency of IPSCs under baseline conditions,(A) Test IPSC amplitude plotted as a fraction of the unconditioned
IPSC, in the continued presence of CGP35348 to block GABAB re- is plotted against the frequency of EPSCs, similarly nor-
ceptors. The glutamate uptake blocker dihydrokainate (200 mM, malized by the baseline IPSC frequency. L-AP4 causes
DHK) resulted in a potentiation of the heterosynaptic depression of the average ratio to move closer to the line of identity,
inhibition. The disinhibition was subsequently reversibly abolished
implying that the balance of excitation and inhibition isby addition of MSOP (100 mM). Averaged results were obtained from
shifted away from inhibition.ten cells.
(B) At 328C heterosynaptic depression was not observed with the
same conditioning train as used at room temperature (50 Hz), al- Discussion
though it was restored when uptake was blocked with dihydrokai-
nate (n 5 8).
The principal findings of this study are, first, that(C) Significant heterosynaptic depression was obtained at 328C
GABAergic synaptic transmission among interneuronswhen the conditioning train frequency was increased to 100 Hz, and
is modulated by group III metabotropic receptors, andthe interval between the end of the train and the test stimulus was
decreased to 50 ms. MSOP abolished the depression (n 5 4, *p , second, that synaptically released glutamate repro-
0.007). duces the effect of exogenous application of L-AP4. Pre-
Conditioned (thick) and unconditioned (thin) averaged traces in (B) synaptic group III receptors thus modulate interneuron±
and (C) were obtained from representative experiments. The condi-
interneuron transmission as a function of the level oftioning trains of stimuli delivered via the distal electrode elicited
extracellular glutamate in the hippocampus.occasional monosynaptic IPSCs, accounting for the small synaptic
Group III receptors are negatively coupled to adenyl-currents appearing before the test IPSC.
ate cyclase and include the subtypes mGluR4, mGluR6,
mGluR7, and mGluR8 (Pin and Duvoisin, 1995). Of these,
mGluR7 receptors have a relatively low affinity for L-AP4that L-AP4 has a disinhibitory influence on stratum radia-
tum interneurons. We therefore examined the effect of (EC50 . 100 mM) (Okamoto et al., 1994; Wu et al., 1998),
so they may not be responsible for the effect of L-AP4L-AP4 under conditions when NBQX was not added
to the perfusion solution, and took this opportunity to studied here. Similarly, mGluR6 receptors are unlikely
to mediate the heterosynaptic depression of inhibitioncompare the frequency of spontaneous EPSCs and
IPSCs. We voltage clamped interneurons alternately at because they are not abundant in the hippocampus,
while mGluR8 receptors are mainly confined to the den-the reversal potential for GABAA receptors or at the re-
versal potential for AMPA receptors (corrected for junc- tate gyrus (Shigemoto et al., 1997). This leaves mGluR4
receptors, which have been demonstrated at terminalstion potentials). With the low Cl2 solution used in these
experiments (see Experimental Procedures), these re- making symmetrical synapses with aspiny neurons
(Bradley et al., 1996; Shigemoto et al., 1997). However,versal potentials were calculated as 260 mV and 0 mV,
respectively. Figure 6A shows that evoked synaptic cur- most immunocytochemical and pharmacological data
have been obtained in rat, as opposed to guinea pig,rents recorded at both holding potentials were similarly
affected by L-AP4, in agreement with the findings when so the molecular identity of the receptor(s) responsible
for the phenomena studied here is only tentative.the two components were separated pharmacologically
Neuron
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Figure 6. The Group III Metabotropic Recep-
tor Agonist L-AP4 Depresses the Frequency
of sIPSCs but Not of sEPSCs in Interneurons
(A) Evoked postsynaptic currents (PSCs) re-
corded at 0 mV and 260 mV, coinciding with
the estimated reversal potentials for iono-
tropic GABA and glutamate receptors, re-
spectively.
(Top) Experimental protocol with sample traces
recorded in one cell (averages of 30 trials).
(Bottom) PSC amplitudes (mean 6 SEM) nor-
malized to the average amplitudes prior to
addition of L-AP4 (n 5 7). PSCs recorded at
260 mV were blocked by NBQX (10 mM), im-
plying that they were mediated by AMPA/kai-
nate receptors. PSCs recorded at 0 mV were
not blocked by NBQX but were abolished by
picrotoxin (PTX, 100 mM) and were therefore
GABAergic.
(B) Spontaneous postsynaptic current (sPSC)
frequencies (mean 6 SEM) recorded at 0 and
260 mV in the same cells. The sPSC frequen-
cies were normalized to the frequency at 0 mV
prior to addition of L-AP4. Five consecutive
traces recorded under each condition are
shown superimposed.
(C) Mean frequency of spontaneous IPSCs
plotted against mean frequency of sEPSCs,
both normalized by the baseline IPSC fre-
quency. Open circle indicates control; closed
circle indicates L-AP4. L-AP4 brings the ratio
closer to the line of identity (dashed), which
indicates equal frequency of excitatory and
inhibitory events. All data were obtained in
the presence of 50 mM APV (*p , 0.01).
The heterosynaptic depression was studied at a rela- GABAergic transmission (van den Pol et al., 1998). This
agrees closely with the present report, although thetively short delay from the conditioning train, compared
to some phenomena that have previously been ascribed strikingly selective depression of IPSCs in interneurons,
as opposed to principal neurons, has not been reportedto modulation of cAMP concentrations (Yatani and
Brown, 1989). A possible explanation for the rapid time previously, let alone the observation that action poten-
tial±dependent release of glutamate can elicit this phe-course is that the metabotropic receptors act through
an intracellular signaling pathway that does not depend nomenon.
The finding that the heterosynaptic depression ofon modulation of adenylate cyclase activity (Schoppa
and Westbrook, 1997; Koulen et al., 1999). Group III monosynaptic IPSCs is potentiated by blocking gluta-
mate uptake suggests that glutamate spillover from excit-metabotropic receptors are localized to the intrasynap-
tic presynaptic membrane, where they are optimally po- atory afferents can depress interneuron±interneuron sig-
naling (Figure 7). Thus, group III metabotropic receptorssitioned to modulate transmitter release with minimal
diffusional delay. Indeed, mGluR4 receptors can even detect changes in ambient glutamate concentration. When
this increases, the mutual inhibition among interneuronsbe differentially distributed between two release sites
within a single terminal (Shigemoto et al., 1997). This decreases. Because interneuron±pyramidal cell syn-
apses are much less sensitive to L-AP4, the net effectobservation suggests that they may be intimately cou-
pled to the triggering of exocytosis. of glutamatergic activation of group III receptors may
be to increase the GABAergic drive to principal cells.The suggestion that metabotropic receptors modulate
inhibitory transmission as a function of the ambient glu- This scheme could represent a mechanism for shutting
down areas of the brain where the extracellular gluta-tamate concentration is not novel. Indeed, it has pre-
viously been prompted by the localization of group II mate concentration has risen because of excessive ex-
citatory traffic, for instance because of ictal discharges.and III metabotropic receptors at inhibitory terminals,
and by the effects of agonists of these receptors on Failure of such a mechanism could play a role in the
initiation and/or propagation of focal seizures. In sup-GABAergic synaptic transmission (Hayashi et al., 1993;
Tanabe et al., 1993; Ohishi et al., 1994; Gereau and Conn, port of this suggestion, increases in extracellular gluta-
mate have been reported immediately before electro-1995; Salt and Eaton, 1995; Wan and Cahusac, 1995;
Bradley et al., 1996; Shigemoto et al., 1997; Vetter et graphic evidence of a seizure in patients with temporal
lobe epilepsy (During and Spencer, 1993). Moreover,al., 1999). MSOP has also been shown to increase the
frequency of spontaneous IPSCs in cultured hypothala- tissue from patients with temporal lobe epilepsy and
kindled animals shows a decreased sensitivity to groupmic neurons, an observation that prompted the hypothe-
sis that tonic activation of group III receptors inhibits III agonists (Dietrich et al., 1999; Klapstein et al., 1999).
mGluRs Modulate Interneuron GABAergic Signaling
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than EPSCs resulted from presynaptic action potential
invasion.
The heterosynaptic depression was relatively small,
as compared to the effect of L-AP4, implying that the
receptor occupancy achieved by glutamate spillover
was low. This finding may, however, reflect the experi-
mental constraints of positioning the conditioning elec-
trode in a distal position to minimize recruitment of
monosynaptically coupled interneurons. Indeed, a nec-
essary condition for accepting the data was that the
test IPSC was not contaminated by the tail of any mono-
synaptic IPSCs following the conditioning stimuli. This
constraint limited the number of glutamatergic fibers
that could be excited and therefore the spatial density
Figure 7. Glutamate Spillover Activates Presynaptic Metabotropic
of exocytosis from Schaffer collateral terminals. RaisingReceptors on Interneuron Terminals
the temperature further reduced the size of the hetero-This schematic illustrates diffusion of glutamate (blue cloud) from
synaptic depression, most easily explained by enhancedan excitatory afferent (pink), activating presynaptic metabotropic
uptake (Asztely et al., 1997), although this could be over-receptors (red) both on the excitatory terminal and on an inhibitory
terminal synapsing with the interneuron (green). Although the donor come by altering the parameters of the conditioning
and recipient synapses are shown on the same postsynaptic neuron, stimuli, while remaining well within the range of firing
they could also be on separate neurons. The figure also shows rates seen in vivo. Moreover, although glutamate con-
the arrangement of recording and stimulating electrodes used to tained in an individual vesicle probably diffuses a shorter
demonstrate heterosynaptic depression of inhibition. Activation of
distance in vivo, there may be a compensatory increasegroup III metabotropic receptors could lead to a net facilitation of
in transmitter release probability from excitatory termi-inhibition of a downstream pyramidal neuron (yellow).
nals (Hardingham and Larkman, 1998), which could re-
sult in a greater likelihood that an individual presynaptic
terminal is exposed to glutamate. During a epileptiformFinally, group III agonists have antiepileptic activity (Tiz-
burst, furthermore, it is likely that even higher concentra-zano et al., 1995; Ghauri et al., 1996; Abdul-Ghani et
tions of glutamate are achieved, ensuring that metabo-al., 1997; Chapman et al., 1999). The latter observation
tropic receptor occupancy increases even further.agrees with a central role for group III receptors in the
The stratum radiatum interneurons studied here makemodulation of inhibition of interneurons and is not pre-
up only a subset of the overall population (Freund anddicted by a predominant effect on their excitation.
Buzsaki, 1996). These cells may be predominantly theThe present results thus suggest that group III recep-
calbindin-positive interneurons that innervate pyramidaltors on hippocampal GABAergic terminals play a central
neurons and that are the target of calretinin-positiverole in preventing seizures. However, because the ex-
interneurons (Gulyas et al., 1996). It will be important to
periments were carried out on transverse slices in vitro,
determine whether group III metabotropic receptors are
the consequences for the function of the entire hippo-
indeed localized to synapses between these subtypes of
campal network can be only tentatively predicted. Indeed,
interneuron, and also whether metabotropic receptors
pyramidal neurons are quiescent in this experimental exert a similar modulatory influence further upstream in
preparation, and the synaptic traffic in interneurons is this network. Indeed, interfering with the interneuron
dominated by GABAergic signals from other interneu- network may actually have paradoxical effects on pyra-
rons. This is very different from the situation in vivo, midal cell output, because GABA receptors play a cen-
where excitatory afferent fibers fire spontaneously. We tral role in the synchronization of spontaneous dis-
cannot rule out the possibility that spillover of glutamate charges (Cobb et al., 1995; Whittington et al., 1995).
onto presynaptic metabotropic receptors of excitatory Because the spatiotemporal firing pattern may be more
afferent terminals could reduce the amount of feedback important for the generation of epileptic discharges than
and feedforward inhibition of principal cells. Testing the overall firing rate, reducing the mutual inhibition
whether excitatory transmission to interneurons is simi- among interneurons could attenuate a mechanism that
larly affected by glutamate spillover presents consider- contributes to hypersynchrony. Metabotropic glutamate
able difficulties, because stimulation of a conditioning receptors have actually been implicated in the genera-
pathway without NBQX produces a very large monosyn- tion of interneuron oscillations (Whittington et al., 1995),
aptic EPSC, making it difficult to measure the amplitude although it is not clear which subtype(s) are responsible
of a test EPSC delivered after a short delay. We can for this phenomenon.
only speculate about the relative sensitivity of excitatory It is not clear from the present results which terminals
and inhibitory transmission to metabotropic receptor liberate the glutamate detected by the group III metabo-
activation on the basis of L-AP4 application. Although tropic receptors on inhibitory terminals. They might be
evoked EPSCs and IPSCs recorded in interneurons were excitatory afferent terminals made on the same in-
reduced to an equal extent by L-AP4 (Figure 1), sponta- terneuron, intermingled with inhibitory terminals (Figure
neous EPSCs were less sensitive than spontaneous 7), or they could be terminals made on neighboring cells.
IPSCs (Figure 6). This discrepancy might be explained In the case of spine synapses on pyramidal neurons,
by a dual mechanism of action of L-AP4, both upstream neighboring terminals are separated by z0.5 mm (Rusa-
and downstream of Ca21 influx (Wu and Saggau, 1997), kov and Kullmann, 1998) and generally occur on distinct
dendrites, probably belonging to separate neuronsif, as suggested, a larger fraction of spontaneous IPSCs
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(Sorra and Harris, 1993). Given that astrocyte processes and GABAB receptors mediate heterosynaptic depres-
sion of GABAergic inhibition. Glutamate spillover onto pre-containing glutamate transporters are often absent from
their immediate vicinity (Lehre and Danbolt, 1998; Ven- synaptic metabotropic receptors selectively depresses in-
hibition of interneurons, rather than pyramidal neurons.tura and Harris, 1999), this arrangement makes gluta-
matergic cross-talk highly likely, at least at room temper- This phenomenon may play an important role in regulat-
ing the excitability of the hippocampal network.ature in vitro (Rusakov and Kullmann, 1998). The mean
distance between a presynaptic inhibitory terminal on
Experimental Proceduresan interneuron and the nearest glutamatergic synapse
has not been measured systematically. This parameter
Transverse hippocampal slices (450 mm thick) were obtained fromis necessary to simulate spillover onto metabotropic
3- to 5-week-old guinea pigs and were stored in an interface cham-
receptors, as are estimates of the spatial density of ber prior to transfer to the stage of an upright microscope equipped
active synapses and the local distribution of glutamate with infrared differential interference contrast optics (Axioskop FS,
Zeiss). The solution used to prepare slices contained (in mM): cho-transporters.
line chloride 110, ascorbate 1.3, pyruvate 2.4, KCl 2.5, NaH2PO4 1.25,Another novel finding of the present study is that
MgSO4 7, CaCl2 0.5, NaH2CO3 25, and glucose 25, and was gassedGABAB receptors contribute to heterosynaptic depres-
with 95% O2/5% CO2. The storage and perfusion solution containedsion of IPSCs. They have previously been implicated in
(in mM): NaCl 119, KCl 2.5, MgSO4 1.3, CaCl2 2.5, NaHCO3 26.2,heterosynaptic modulation of excitatory transmission to NaH2PO4 1, and glucose 11, gassed with 95% O2/5% CO2. One or
pyramidal neurons (Isaacson et al., 1993). This phenom- two bipolar stainless steel stimulating electrodes were positioned
in stratum radiatum of the CA1 subfield. The stimulus duration wasenon implies that GABA can diffuse between individual
20 ms. In the experiments where EPSCs or field EPSPs were re-inhibitory terminals. Interestingly, their contribution to
corded, a cut was made between CA1 and CA3 to prevent epilepti-the heterosynaptic depression studied here was no
form bursts from contaminating the records.greater than that of metabotropic glutamate receptors.
The experiments were carried out at room temperature (238C±
However, we did not separately estimate the size of 258C) except where indicated. The higher recording temperature
GABAB receptor±mediated homosynaptic depression, (318C±338C) was achieved by controlling the temperature of the
perfusion solution and of the chamber with a Peltier effect device.so it is not possible to draw a firm conclusion about the
Whole-cell recordings were made from interneurons in stratum radi-relative importance of glutamatergic versus GABAergic
atum of CA1 or from pyramidal neurons. Interneurons were identifiedmodulation of inhibitory transmission.
by their location and high input resistance, but several differentThe high affinity of GABAB receptors as compared to morphologies were included in the sample. Large neurons with a
GABAA receptors (Sodickson and Bean, 1996; Jones et pyramidal shape were excluded from the sample of interneurons,
al., 1998) forms a striking parallel with the higher affinity in case they represented principal cells displaced from stratum pyra-
midale. The pipette solution normally contained (in mM): CsCl 135,of many metabotropic glutamate receptors, including
HEPES 10, NaCl 8, EGTA 2, MgCl2 0.2, MgATP 2, GTP 0.3, andmGluR4, as compared to AMPA receptors (Pin and Du-
QX314Br 5 (pH 7.2, osmolarity corrected to 295 mOsm). For thevoisin, 1995). This symmetry prompts the suggestion
recordings of EPSCs, CsCl was reduced to 17.5 mM and the rest
that, for both major amino acid transmitters, high-affinity substituted with Cs gluconate (117.5 mM). For the recordings of
receptors (including NMDA receptors) mediate nonlocal IPSCs and EPSCs illustrated in Figure 6, all the CsCl was substituted
spillover-type signaling in addition to private communi- with Cs gluconate (135 mM). Neurons were voltage clamped at 260
mV (Axopatch 1D amplifier, Axon Instruments) and records werecation at synapses. The low-affinity receptors, on the
filtered at 0.5±1 kHz and digitized at 2.5±5 kHz (National Instru-other hand, only mediate conventional synaptic commu-
ments). The access resistance was monitored with a voltage stepnication. An exception is that GABAA receptors have and was ,40 MV for interneurons and ,20 MV for pyramidal neu-
been shown to detect GABA spillover in cerebellar glo- rons. Data were rejected if the access resistance varied by .20%.
meruli (Rossi and Hamann, 1998). Data acquisition and offline analysis programs were written in
Labview (National Instruments). For the calculation of the statisticThe modulation of interneuron±interneuron signaling
1/CV2, the background noise variance, obtained from interleaveddemonstrated here shows some striking differences
traces collected without a stimulus, was subtracted from the IPSCfrom a related phenomenon reported in pyramidal neu-
amplitude variance (20 successive trials in each cell during the base-
rons: monosynaptic GABAergic IPSCs are depressed by line period and in the presence of L-AP4). 1/CV2 was then given by
conditioning trains of stimuli to a glutamatergic afferent the ratio: (mean amplitude)2/(VarIPSC 2 Varnoise).
population (Min et al., 1999). However, the target recep- In the two-pathway experiments, we positioned the stimulating
electrodes in the same way as described by Min et al. (1999) (Figuretors are of the kainate subtype. Indeed, blocking meta-
4A). Briefly, because the axonal projections of GABAergic interneu-botropic glutamate receptors enhances the depression
rons are more restricted than those of Schaffer collaterals, a mono-of IPSCs in pyramidal neurons, rather than reducing it
synaptic IPSC was elicited via a ªproximalº electrode positioned
as observed in interneurons in the present study. That within z300 mm of the recording site. The ªdistalº stimulating elec-
is, there was no evidence that the small L-AP4-induced trode used to deliver conditioning trains was positioned at the other
end of the CA1 subfield in stratum radiatum. We only added thedepression of IPSCs observed in the present study
glutamate inotropic receptor blockers APV and NBQX after ob-could be reproduced by synaptically released gluta-
taining the whole-cell recording, and monitored the amplitudes ofmate. The depression of IPSCs in pyramidal neurons
the synaptic currents elicited by single stimuli alternately delivered
was also only weakly affected by blocking GABAB recep- to the two electrodes. The synaptic current elicited by the distal
tors or glutamate transporters (Min et al., 1999). The stimulus, initially mediated mainly by glutamatergic fibers, generally
disappeared almost completely, while the proximal stimulus contin-function of kainate receptor±mediated depression of
ued to elicit a GABAergic response.monosynaptic inhibition remains unclear, as does the
Addition of CGP35348, SCH50911, MSOP, or dihydrokainate hadunderlying cellular mechanism (Rodriguez-Moreno et
no significant effect on the amplitude of the unconditioned IPSC.
al., 1997; Cossart et al., 1998; Frerking et al., 1998; Rodri- We routinely applied the GABAA receptor blocker picrotoxin (100 mM)
guez-Moreno and Lerma, 1998). at the end of the experiment, to verify that the IPSC was completely
abolished, confirming that it was GABAA receptor mediated.In conclusion, both group III metabotropic receptors
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Spontaneous synaptic currents were analyzed offline with a cus- Gereau, R.W.T., and Conn, P.J. (1995). Multiple presynaptic metabo-
tropic glutamate receptors modulate excitatory and inhibitory syn-tom-written program (K. P. Lehre). Events were detected if their
aptic transmission in hippocampal area CA1. J. Neurosci. 15, 6879±slope was greater than 5 pA/ms and their peak amplitude was
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Laboratories) and APV, NBQX, MSOP, and SCH50911 (Tocris Cook- Gulyas, A.I., Hajos, N., and Freund, T.F. (1996). Interneurons con-
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